ABSTRACT: This paper describes a new method of analysis and design for steel frames with concrete or masonry infilling walls subjected to in-plane forces. The method is based on data generated from previous experiments as well as results from a series of nonlinear finite-element (NLFE) analyses. The method accounts for elastic and plastic behavior of infilled frames considering the limited ductility of infill materials. The proposed method predicts the strength and stiffness of infilled frames as well as the infill diagonal cracking load. The method also allows for the major practical imperfections, such as lack of fit and shrinkage ofthe infil!. Variations, such as infill aspect ratio and beams having different strength and stiffness from the columns, are accounted for and it is concluded that the behavior of frames with pin or semirigid joints can also be predicted. The method is further developed to model multistory infilled frames as braced frames, replacing the infills by equivalent diagonal struts.
INTRODUCTION
The significance of infilling walls in determining the actual strength and stiffness of framed buildings subjected to lateral force has long been recognized. Despite rather intensive investigations during the last four decades, the inclusion of infilling walls as structural elements is not yet common, because of the design complexity and lack of suitable theory. During the same period, however, analysis and design of multistory frames have developed rapidly. According to the latest developments, the p-t:. effect in a fully restrained multistory frame is a major design factor [see Wood (1976) and Handbook (1991) ]. The more flexible the frame, the greater the secondary bending moments become. Therefore, the influence of infilling walls is much more significant today than in the past, because they provide lateral stiffness and minimize the P-t:. effect. They can also provide significant lateral strength. Some existing buildings may require inclusion of their infilling walls to meet the new seismic provisions set out by new codes of practice worldwide. Therefore there is a demand for a rational method for the design and evaluation of infilled frames.
HISTORICAL REVIEW
Attempts at the analysis and design of infilled frames since the mid-1950s have led to several methods. Holmes (1961) replaced the infill by an equivalent pin-jointed diagonal strut made of the same material and having a width 1/3 of the infill diagonal. Stafford Smith (1966) and Stafford Smith and Carter (1969) related the width of the equivalent diagonal strut to the infill/ frame stiffness parameter, 'Ah; Mainstone (1971 Mainstone ( , 1974 replaced the theoretical equations with empirical relations written in terms of 'Ah. Because the elastic methods could not fUlly represent the actual behavior of infilled frames, attention was paid to the theories of plasticity. Wood (1978) extended the limit analysis of plasticity with the assumption of perfect plasticity. This theory led to the introduction of the frame/in fill strength parameter, m, and also an empirical penalty factor, "Y / " to reduce the infill strength and cater for the discrepancy between the theoretical predictions and the experimental results. The method was expanded by May (1981) to predict the collapse load and modes of infilled frames with openings. Another plastic method was later developed by Liauw and Kwan (1983) , which neglected the shear forces at the frame/infill interfaces; eliminated the highly variable penalty factor, "VI'; and also simplified the derivations of the formulas. However, other investigators [e.g., ], have shown that shear resistance at the frame/infill interface has a significant effect on the collapse load. Finally, a method was developed by Saneinejad (1990) that allows for interface shear forces and both the elastic and plastic behavior of materials. The method is the context of this paper. Readers who are interested in only the practical application of the method may skip the theoretical sections and refer to the section titled "Generalized Design Method."
BASIS OF PROPOSED METHOD
As discussed in the previous section, Wood (1978) used a perfect plasticity theory and imposed a variable empirical penalty factor, "(,,, to reduce the infill compressive strength. Kwan (1982, 1983) , on the other hand, reduced the resulting overestimated collapse load by neglecting the shear forces at the framelinfill interfaces. Both methods tried to adjust the infill strength in order to narrow the large gap between the theoretical and experimental results. Contrary to these methods, the nonlinear finite-element (NLFE) analyses carried out by Saneinejad (1990) showed that such an adjustment should be imposed on the frame strength rather than that of the infil!. This is because the frame has not yet developed a plastic collapse mechanism and still has considerable capacity to withstand higher stresses while at the peak racking load. The collapse, however, is caused by compressive failure of the infill, mainly at the loaded corners.
The inharmonious plasticity of frame and infill at the peak load leads to the conclusion that the limit analysis of perfect plasticity (based on the lower-and upper-bound theorems) used in all the previous plastic analysis methods, may not be a realistic and accurate approach to the analysis of infilled frames. This is because no plastic collapse mechanism develops at the peak load.
Not having an upper-bound solution at the peak load, many lower-bound solutions can be imagined (i.e., many force distribution patterns can be proposed to provide an equilibrium between external and internal forces). To establish a rational and consistent lower-bound solution, the following conclusions were drawn from tests and nonlinear finite-element analyses carried out by Saneinejad (1981 Saneinejad ( , 1990 .
First, lateral deflection accompanies gradual increase in the lateral load up to a limited deflection beyond which the infill gradually fails and the load falls due to limited infill ductility. Three distinct failure modes can be categorized: corner crushing mode (CC), which is crushing of infill in at least one of its loaded corners; diagonal compression mode (DC), which is crushing of infill within its central region; and shear mode (S), which is horizontal shear failure through bed joints of a masonry infill. Diagonal cracking of the infill is regarded as only a serviceability limit state and not necessarily as a sign of failure.
Second, the lengths of the proposed rectangular stress blocks ( Fig. 1) 2a,b) where C and F = frame/infill contact normal and shear forces (Fig. 1) ; r = aspect ratio of the frame (r = hll < 1.0); and f.l = coefficient of friction of the frame/infill interface.
Fourth, development of plastic hinges at the loaded corners of the frame normally precedes the peak load. Therefore, at the peak load, one may write the following:
bending moments at the loaded corners (points A and C in Fig. 1) ; and M pj = least of the beam, the column, and their connection plastic resisting moment, called the joint plastic resisting moment.
Fifth, because of only limited infill ductility, and thus limited frame deformation at the peak load except at the loaded corners, the frame is in an elastic state, i.e. (4.5a,b) where M B and MJ) = bending moments at the unloaded corners ( Fig. 1) and M j represents either of these values; Me and M" = maximum elastic intermediate moment developed in the columns and beams, respectively; and M pe and M p " = plastic resisting moments of the columns and beams. The nonlinear finite-element analyses of infilled steel frames of various properties (Saneinejad 1990 ), led to the following: 13c~13" = 0.2, and 13"~130 = 0.2 where 130 = nominal, or rather upper-bound, value of the reduction factors, 13.
DEVELOPMENT OF PROPOSED METHOD Equilibrium Conditions
(6a,b) Fig. 1 shows the equilibrating forces acting on the upper beam and the left-hand side column of a single-panel infilled frame loaded diagonally to the peak load. For analytical purposes, it is assumed that the border of the infill coincides with the neutral axis of the frame, i. e., h' == hand l' == I. Interaction forces are assumed to be distributed uniformly over the proposed equivalent lengths of contact, o.,h and 0.,,1. The actual contact lengths are adjusted to correspond to the proposed rectangular stress blocks. Frame force equilibrium requires the following:
and rotational equilibrium of the infill requires the following:
where (7-9) (10) (lla,b. 12a,b) (13. 14)
Frame Forces

Collapse Load
where H and V = horizontal and vertical components of the external force; Sand N = shear and axial forces, respectively, over the uncontacted length of the column; (J" and 'T = proposed uniform frame/infill contact normal and shear stresses; l', h', and t designate the length, height, and thickness of the infill, respectively; and e = sloping angle of the infill diagonal.
Taking the static moments of the forces acting on the column and the beam about point A and solving for the column shear and axial forces respectively, gives the following:
Note that Sand N also represent the axial and shear forces over the uncontacted length of the beam, maintaining equilibrium of the unloaded joints. The effect of M j on the collapse load was found to be normally smaller than 2% and may be neglected. However, its value is derived in Appendix l.
Substituting for contact forces, C c and F", and also column shear force, S, from (lla), (12b), and (13) into (8) leads to the collapse load, as follows:
Nominal Contact Stresses
At the peak load, the infill is subjected to failure resulting from combined normal and shear stresses acting on the contacted surfaces in the loaded corners. The well-known Tresca hexagonal yield criterion, described by Chen (1982) , is mathematically convenient for this stress combination, and is given as follows:
where fc. = effective compressive strength of the infill.
Assuming rectangular stress blocks, as shown in Fig. 1, (2a and b) can be written also in terms of the contact stresses, as follows:
Combining (17) and (16) The actual contact stresses will be derived later in this paper.
(I8a,b)
Frame/lnfill Contact Lengths
Development of an exact mathematical solution for frame/infill contact lengths may be possible, but rather complicated, involving perhaps a trial-and-error procedure. However, a reasonably accurate simplified solution is given here.
As shown in Fig. 1 , the sign of the slope of the moment diagram of the column alters at a point fairly close to the proposed frame/infill separation point, E. Therefore, the shear force at point E is fairly small and may be neglected for the purpose of derivation of the length of contact. Taking the static moment of the forces acting on the column along EA gives the following:
A similar relation can be written for the beam as follows:
Substituting for M, and M" from (5) into (19), and solving for the contact lengths, leads to the following:
Either I3c or I3b would approach their upper-bound value, 130 = 0.2, when the contact surface in question develops the corresponding nominal normal stress. Therefore the contact lengths may be assumed as invariable values. Substituting for these nominal values and combining with (la) and (lb) leads to the following:
Contact Stresses
Failure of infill in the loaded corners does not necessarily occur at the beam and column interfaces simultaneously (Saneinejad 1990) . Therefore (18) give only the nominal (upper-bound) values of the contact stresses. The true mathematical values of these stresses can be verified by examination of rigid body rotation of the infill, [(10)] . Substituting for the contact forces from (11) and (12) into (10) As the frame deflection increases past the peak load, the infill eventually loses its entire resistance due to its brittle nature. However, M j increases up to the joint plastic resisting moment,
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Ml'j' Because, in (15), the resistance contribution of infill and frame are given by independent terms, the ultimate collapse load leads to the following: (25) which is that of the frame with no infill.
Cracking Load
Comparison of the load-deflection diagrams of infilled frames with different contact lengths, studied by Saneinejad (1990) , proved that in most cases the Saint-Venant's principle (Timoshenko and Goodier 1982) applies to the cracking strength of the infill; that is, as the center of the infill (where cracking starts) is sufficiently far from the loaded corners (where the external loads are applied), the cracking load is not affected by the way the load is distributed over the loaded corners. Therefore, one may adapt the elastic analysis of a cube under diagonal load, described by Chen (1982) , and write the following: (26) where f, = effective direct tensile strength of infill. To generalize this relation to include rectangular panels, (26) may be written in terms of the reference diagonal band width, w', as follows: (27) where w' = 2h' cos 6; and R, = infill diagonal cracking strength ( Fig. 1) . Converting into the horizontal component of the infill cracking load and substituting for w' gives the following:
The frame contribution must now be added. Assuming that the frame share in the total cracking load, HI, is proportional to the frame share in the total collapse load [ (15)], one can write the following:
The value of the fraction may become less than unity (i.e., a -ve frame contribution). This implies that a c is high enough to induce a tensile axial force in the beams at the unloaded corners. On the other hand, a frame with a long length of contact withstands a higher cracking load, because the diagonal load distributes over a large area in the corners and Saint-Venant's principle may not apply closely. The beneficial effect of such a reserve strength may be assumed to partly cater for the effect of the negative frame contribution and, thus both effects may be neglected for the sake of simplicity and a closer approximation. Therefore, we can simply write the following:
Comparison of the load-deflection diagrams from the NLFE analyses led to an empirical relation to predict the horizontal infill deflection at the peak load as follows:
The secant stiffness of an infilled frame at the peak load is defined as follows:
The typical load-deflection diagram of infilled frames is parabolic in form. Until a more consistent value is established for initial stiffness of infilled frames, it may be approximated as twice the secant stiffness at the peak load. This approximation agreed closely with the NLFE analysis. Hence
Infill Imperfections
In practice, gaps may result from shrinkage of the wall or poor construction, or they may deliberately introduced to prevent differential creep between the reinforced-concrete frame and masonry infil\.
The effect of lack of fit was studied by Riddington (1984) . A lack of fit equivalent to 0.1 % of the infill dimensions did not appreciably change the collapse load, but significantly increased the horizontal deflection due to the infill sliding and jamming into the top loaded corner of the frame. However, Dawe and Seah (1989) found that a gap of 0.7% of the infill height dramatically decreased (up to 50%) the collapse load of a masonry infilled steel frame, due to significant decreases in the lengths of contact. Generally, large gaps are not practically tolerable for infilled frames, because they are normally subjected to alternating loads. Providing the contraction of the infill itself is sufficiently less than the highest allowed story drift [0.25% as per the Uniform Building Code (1988) for buildings with masonry walls], the collapse load would not be affected. Assuming that the infill slides up into the top loaded corner, the lateral deflection, A,,, can be calculated as follows:
A" = 5.8£ch cos a(a; + a;;)"'" + E"l + £,.,h tan a (comp. +ve) (34) COMPARISON where EX,. and E", = residual horizontal and vertical strains due to contraction of the infill, signed + ve if compressive. Table 1 compares the collapse load, H, calculated from various methods with those computed from the NLFE analysis described by Saneinejad (1990) , as well as those from three series of experiments from Saneinejad (1981) , Stafford Smith (1966) , and Mainstone (1971) . The experimental results for each frame designation were generated from results of two or more similar tests so that the variations due to changes in material properties are minimized. As seen in Table 1 , the comparison scheme covers a wide range of frame/infill stiffness and strength pa- Note: FE = nonlinear finite-element analysis data: Saneinejad (1990) ; AS = test data: Saneinejad (1981) ; M = test data: Mainstone (1971) ; SS = test data: Stafford Smith (1966) ; SC = elastic method of Stafford Smith et al. (1969) ; SR = elastic method of Stafford Smith and Riddington (1978) ; M = empirical method of Mainstone (1971) ; W = plastic method of Wood (1978) ; L = plastic method of Liauw et al. (1983) ; and P = proposed inelastic method. Smith and Carter (1969) ; SR = elastic method of Stafford Smith and Riddington (1978) ; M = empirical method of Mainstone (1971) ; W = plastic method of Wood (1978) ; L plastic method of Liauw and Kwan (1983) ; and P = proposed inelastic method.
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"All tests. "Not applicable. 'Only nonlinear finite-element analysis (Saneinejad 1990 ).
rameters, Ah and m, and also covers the selected analytical methods as follows: the elastic method of Stafford Smith and Carter (1969) (Fig. 2) . This chart includes data from the NLFE analyses (frames Nos. 1 to 9) plus three experiments on infilled frames with very strong frames (frames 10-12). These selections cover the whole range of practical frame/infill strength and stiffness ratios. Similar charts are drawn in Figs. 3 and 4 to compare the relevant existing methods in predicting the cracking load, H" and stiffness, K o , of the appropriate frames, respectively. Table 2 compares the methods in terms of the highest deviation (H), the lowest deviation (L), and the standard deviation (S) of their predictions. As shown in this table, the proposed method outperforms all the previous methods studied, and gives reasonably consistent results.
GENERALIZED DESIGN METHOD Basis of Method
As discussed earlier, a single-panel infilled frame loaded diagonally up to the peak level would not undergo a plastic collapse mechanism, and develops only insignificant bending moments at the unloaded corners. However as shown in Fig. 5(a) , a multistory infilled frame may develop a simple plastic collapse mechanism with plastic hinges only at the loaded corners. This is because the unloaded corners of a panel are the loaded corners of two other panels in the frame. For comparison with the previously studied single-panel infilled frame, a panel from a typical story of the multistory infilled frame is scaled up in Fig. 5(b) . Interaction of the upper beam with the infill of the upper story induces little alteration in the moment diagram of this beam in the loaded corner. There is, however, a dramatic change in the diagram in the right-hand side of the beam, but this additional bending moment is concentrated in the loaded corner of the upperstory panel and is accounted for while considering the upper story panel. The same conclusion applies to the other frame members of the same panel. Therefore, the infill behaviors in the two structures are fairly similar, and it is proposed that the formulation established for an isolated panel may also be used for multistory infilled frames as far as the infill strength and stiffness is concerned. This conclusion indicates that once the mechanical properties of infills are known, they may be replaced by pin-jointed diagonal struts performing as compression bracing members, Fig. 5 . The resulting equivalent braced frame may then be analyzed either by hand or by computer as an ordinary braced frame.
Equivalent Diagonal Strut
To correspond to the multistory system (Fig. 5) , M j may be excluded from (15) to give the following:
The first and second terms represent the resistance of the infill, and the third term is the resistance of the open panel loaded to the ultimate level (each panel member is shared with the adjacent panel). Therefore, the first two terms may be substituted by the resistance of an equivalent diagonal strut, R, resulting in the following:
where for the CC failure mode (corner crushing) (38) infill under diagonal compression. Proposing a failure stress block at the center of the infill as shown in Fig. 6(a) , the diagonal resisting load can be derived as follows:
The so-called permissible stress, fa, is specified by AC/ 3/8./-89 ("Building" 1989) for plain concrete as folIows:
f.. = Ie [1 -G~)1where f,. = 0.6<\>1: and <\> = 0.65
The effective length of the diagonal band depends on the contact lengths and geometry of the infill [ Fig. 6(b) ]. It may conservatively be taken as follows:
The proposed diagonal strut with uniform compression stress, fn may now be proportioned by combining (37), (38), and (40) and dividing by Ie to give the cross section area of the strut as folIows:
Note that frame members are subjected to service loads as well as the lateral load (wind or earthquake). The effects of these loads may be superimposed. Since the frame sustains the service loads before the lateral loads are imposed, M pj should be taken as the available portion of the joint effective plastic resisting moment when calculating the a values from (21). As seen later in the example, the remaining resisting moment, M pj , is practically small and may be neglected in the first round of analysis.
Strut Stiffness
The secant modulus of elasticity of the diagonal strut is derived as follows: 
The initial (elastic) modulus of elasticity of the strut is needed for the analysis. It may be taken as twice as the secant value, as follows:
Frame Analysis
The equivalent braced frame can be analyzed and designed by hand or by a suitable computer program. The frame members and/or the wall should be revised (if required) and the analysis repeated until a safe and economical design is achieved. It should be noted that occurrence of plastic hinges at the loaded joint of the frame may be accommodated in the analysis, provided the effect of P-t:. is accounted for as recommended by the American Institute of Steel Construction's (AISC) Load Resistance Factor Design (LRFD) (Handbook 1986) .
If the equivalent diagonal strut is loaded to its specified resistance level, the loaded joints of the infilled panel should have taken the originally specified plastic resisting moment, <\>.,M pj , even if the frame analysis returns smaller accumulated factored moments. This is because the joint plasticity always precedes the infill failure in the actual infilled frame. Therefore, occurrence of plastic hinges is inevitable in such panels, unless the diagonal strut is loaded somewhat lower than its plastic resistance level. The same discussion applies to the axial and shear stresses induced by the infill reaction in the loaded corners. These forces are not reflected by the proposed frame analysis and must be calculated by writing the equilibrium condition of the forces of the member in question as follows:
Cracking
Column shear or beam axial force;~S(max) = (C" + S) (R;/) 
MASONRY INFILLED FRAMES Collapse Load
Analysis of frames with masonry infills is similar to those with concrete infills provided that t; is replaced by an appropriate compressive strength for masonry. Some additional requirements are also to meet with masonry. They are discussed here for concrete masonry only. The actual compressive strength of masonry depends on the direction of stresses, but a reasonable approach is to use the prism strength, t:n' from AC1 530-88 ("Building" 1988) . Eq. (39) A masonry infill may also develop a complete horizontal crack through bed joints over the entire length of the infill resulting from excessive horizontal shear. The total horizontal shear force carried by the infill at the shear failure (S) can be calculated as follows:
where /" = effective shear strength of masonry. Its value is given by ACI 530-88, for working stress design (WSD) method, as follows:
Adjusting for effect of the load factor, i.e., multiplying by factor 'Y, (51) leads to the following:
where v is specified as 0.25 and 0.41 MPa for nongrouted and grouted concrete masonry, respectively. The fraction N,.IA" accounts for effect of the normal stress acting on the plane of shear [ Fig. 6(b) ], derived as follows:
' were tan a -
Substituting for the fraction N,.IA,. from (53) and/,. from (52) into (50), and solving for H, leads to the following:
and the strut axial force corresponding to H, becomes the following:
The diagonal resistance of masonry infill is reduced by the shear failure mode (S). Therefore it must be regarded as a strength limit state.
Cracking Load
Direct tensile failure of a masonry is significantly dependent on the orientation of the principal tensile stress relative to the bed joints. ACI 530-88 provides only flexural, allowable, tensile stresses for the two orthogonal directions. These values may be adjusted for the following: (1) the effect of the load factor pertinent to the lateral load, -y; (2) the difference between flexural and direct tensile strengths, i.e., decreasing the tensile strengths by factor 0.6 (as a conservative adjustment); and (3) the orientation angle between direction of tensile stress and the masonry head joints (this angle equals the angle between diagonal of the panel and direction of the beams, 6). Previous investigation on concrete block masonry (Drysdale and Hamid (1979a,b) , has shown that for 71'/4 < 6 < 71'/2, the higher orthogonal value recommended by ACI 530-88 may be adopted. However, for rectangular panels, 6 < 71'/4, the allowable tensile stress may be interpolated between the two allowable stresses to account for the orientation of the diagonal strut.
APPLICATION EXAMPLE Problem Data
Design of the end frames of the four-story building is shown in Fig. 7 . The structure is pinconnected and braced longitudinally, but it is fully restrained transversally with masonry infilling walls only in the end frames. The walls are grouted and made of 15-MPa concrete blocks and type S mortar. The concrete floor structure spans longitudinally and provide a rigid diaphragm. The structure is under 5.0-kPa dead load on roof and typical floors. Dead loads include weight of the floor structure and finishes, interior partitions, exterior curtain walls, and the steel frame. Live loads consist of 5.0 kPa on typical floors and 1.5-kPa snow weight on roof. The building is also subjected to 1.0-kPa wind pressure. The structure is to be designed using the LRFD method using 300-MPa structural steel. 
Thickness of Infilling WaIls
Wind Load
At roof level, wind load is equal to 2 x 6.0(3.0/2 + 0.3)1.0 levels, it is equal to 2 x 6.0 x 3.0 x 1.0 = 36.0.
kPa; at typical floor
Design for Service Loads
Theoretically, the vertical loads are shared between the infilling walls and the frame, provided the top infill joints are carefully filled and shrinkage of the walls is minimized. Because such conditions may not be easily assured in practice, the walls are assumed, conservatively, to have no contributing role in resisting the vertical loads. Therefore, the end frame should, as the first step, resist the combined service loads (1.2D + 1.6L), where D = dead load; and L = live load. Table 3 lists the selected sections and forces (N I , 51, and M 1 ) for service loads using a commercial computer program with AlSC(LRFD) design check included. The results reflect redistribution of 10% of the negative moments, permitted for elastic analysis. Table 3 to order the stories and also the members approaching the critical loaded corners [joints 2, 4, 6, 8, and 9; Fig. 7(b) ].
Equivalent Diagonal Struts
A short computer program was written to generate the properties of all the diagonal struts as shown in Table 4 . The last row of the table gives properties of the first story strut assuming M pj to be zero. As seen, the reserved joint plastic moments, calculated in Table 3 , had little effect on the properties of the struts, and thus M pj could be neglected for strength reserve and simplicity in design calculation.
To clarify the application of the method, detailed calculations of properties of the diagonal strut of the first story are provided:
f.L = 0.45, for masonry joints at frame interfaces, 
(c)]
E e = 0.002, adapted from existing tests (Drysdale 1979) Allow for residual contraction strains, 0.001 for possible lack of fit and 0.005 for shrinkage [A C/ 530-88 (5.5.4 
)]
For t~(unit) = 15 MPa and mortar of S type, t:n = 11.4 MPa as per ("Specification" 1988). 
Design for Lateral Loads
Adequacy of the selected members, shown in Table 3 , combined with the diagonal struts, are now to be examined for the specified load cases involving wind load, i.e., (1.2D + L + 1.3W) and (O.9D + 1.3W). Only the first load case dominated the design of the frame members in the lower stories where plastic hinges developed at the bottom loaded corners (see Pi in Table  3 ). Although plasticity could be avoided by carrying out only an elastic analysis and upgrading the selected steel sections accordingly, it was decided to permit a small number of plastic hinges rather than change the selected sections. The frame is also subjected to intermediate moments and significant shear stresses induced by the finite length of contact of the infills. These forces are not accounted for in the computer analysis. The leeward column and the first-floor beam of the frame were checked for these additional forces and proved satisfactory as shown in the following: The economy of the example infilled frame was compared with two conventional frames: a braced frame with pinned connections and a fully restrained frame with no braces. These frames weighed, respectively, 31 % and 25% more than the example infilled frame.
As shown in Table 4 , the infilling walls have significant strength reserve for crushing, cracking, and shear failure (ratios are significantly less than 1.0). Therefore, the frame could be designed as a simple frame with pinned connections, saving the rather high cost of fixed connections. On the other hand, some degree of fixity is desirable for dynamic performance of the structure , and also to provide adequate stability before the infilling walls are constructed.
SUMMARY AND CONCLUSIONS
An analysis and design method for infilled frames was proposed. The method applies to simple, fully restrained, and partially restrained multistory steel frames infilled by concrete or masonry walls subjected to in-plane forces. The method accounts for inelastic and nonlinear behavior of materials, models the infilled frame into an equivalent braced frame, and provides all the essential design data for both the limit states of strength and serviceability. The following conclusions are drawn from application of the method.
Compared to the results from previous experiments and nonlinear finite-element analyses, the proposed method gives fairly accurate results, outperforming all the existing methods studied.
The proposed equivalent diagonal strut transforms the infilled frames into equivalent braced frames, provided adjustments are made to include the induced intermediate bending moments and shear concentration due to the finite lengths of bearing of the infills onto the frame.
The proposed method may be combined with standard frame analysis computer programs. The method may be simplified, in the future, to serve also as a quick hand solution for very small problems.
Significant cost saving is achieved in both the retrofitting of the existing buildings and design of new structures by using the readily available infilling walls and avoiding the interfering bracing members.
APPENDIX I. FRAME-INFILL INTERACTION
Consider a single panel frame under balancing external diagonal force and internal infill reaction. As concluded earlier, [(3)] the bending moments at the loaded corners approach the joint plastic resisting moment, M pj • However, at the unloaded corners, the bending moments are indeterminate and are derived as follows.
It is convenient to verify deformations of the beams and columns independently as shown in Figs. 8(a and b) . As shown in Fig. 8(c) , the resulting column fixed end moment, M j , and frame horizontal deflection, 6. hx , can be related (see standard hand books) as follows: 
Here, 6."y = vertical deflection of the infilled frame due only to the flexibility of the beams; E e and E b = modulus of elasticity; and Ie and h = moment of inertia of columns and beams, respectively. For simplicity, the eccentricity of the frame/infill interaction shear forces to the neutral axis of the frame members has been neglected. Superposition of the two deformation systems gives the overall infilled frame deformation. This can be visualized by rotating (clockwise) the second system such that the bottom beam 
